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Hybrid quantum system combining circuit QED with spin doped solids are an attractive platform 
for distributed quantum information processing. There, the magnetic ions serve as coherent memory 
elements and reversible conversion elements of microwave to optical qubits. Among many possible 
spin-doped solids, erbium ions offer the unique opportunity of a coherent conversion of microwave 
photons into the telecom C-band at 1.54/rm employed for long distance communication. In our 
work, we perform a time-resolved electron spin resonance study of an Er‘ 5+ :Y 2 SiOs spin ensemble 
at milli-Kelvin temperatures and demonstrate multimode storage and retrieval of up to 16 coherent 
microwave pulses. The memory efficiency is measured to be 10 -4 at the coherence time of T 2 = 
5.6 fis. We observe a saturation of the spin coherence time below 50mK due to full polarization of 
the surrounding electronic spin bath. 


A future quantum communication technology will com¬ 
bine three basic types of subsystems: Transmission 
channels, repeater stations and information processing 
nodes ID El- Similarly to classical communication net¬ 
works, photons propagating through optical fiber chan¬ 
nels are ideal for carrying quantum states over long dis¬ 
tances and distribute entanglement between information 
processing nodes [3j. These computational nodes or 
quantum processors may be realized by employing sin¬ 
gle atomic or macroscopic solid-state systems. Among 
a plethora of solid state devices, superconducting (SC) 
qubits are one of the most promising building blocks for 
a future quantum computer [3]. Many ground breaking 
experiments have recently been demonstrated with SC 
qubits including the measurement of long coherence and 
relaxation times of up to 0.1 ms [5], coherent operation 
of up to three-qubit processors (6|, the implementation 
of a deterministic two-qubit gate (T] and the realization 
of a basic surface code for fault tolerant computing [8]. 
These qubits operate at microwave frequencies and cryo¬ 
genic temperatures. In order to embed them into the 
emerging quantum optical internet technology a coher¬ 
ent interface between optical and microwave photons is 
required ]JJ]. 

Ensembles of rare-earth (RE) ions doped into a crys¬ 
tal are a suitable system for coherent photon conversion 
between optical and microwave frequency bands |10Hl2| . 
Such RE doped crystals are currently at the forefront of 
quantum communication research, where many thrilling 
achievements such as the demonstration of a quantum 
memory at the optical telecom C-band [Ml, high ef¬ 
ficiency storage of optical photons [14], generation of 
entanglement between two RE doped crystals m and 
quantum teleportation between a telecom O-band pho¬ 
ton (1.34 /im) and a RE doped crystal [15] have been re¬ 
ported. Also, RE doped crystals are considered to have a 
great potential as a multimode optical memory element 
in a future quantum repeater technology m , and storage 
and retrieval of 64 temporal optical modes at the single 


photon level has been demonstrated jfl8j . 

A crucial step towards the development of a microwave 
to optical interface requires highly efficient reversible 
mapping of temporal microwave modes into the rare- 
earth spin ensemble at a power level corresponding to 
a single microwave photon m ■ In that respect, cir¬ 
cuit Quantum Electrodynamics (QED) with RE doped 
crystals at the femtowatt power level and at milli-Kelvin 
temperatures presents a first step towards the imple¬ 
mentation of a quantum memory na up. A strong 
coupling regime accompanied with large collective cou¬ 
pling strength 30-200 MHz has been recently demon¬ 
strated [22HM]- However, reversible mapping of tem¬ 
poral microwave modes in a RE spin ensemble has not 
been shown. So far, most of the time resolved microwave 
experiments with RE doped crystals have been limited 
by studying of their coherence and magnetic properties 
performed in conventional electron spin resonance (ESR) 
spectrometers at temperatures above 2 K [?ol - B5] . In this 
work, we investigate the spin coherence properties of an 
Er 3 +:Y 2 Si 05 (Er:YSO) crystal at milli-Kelvin temper¬ 
atures and demonstrate the successful storage and on- 
demand retrieval of 16 weak coherent microwave pulses. 

Figure [ij a) shows a picture of the experimental setup. 
We investigate a single Er:YSO crystal (Scientific Ma¬ 
terials Inc.) doped with 0.005% atomic concentration of 
Er 3+ ions and with dimensions of 3 x 4 x 5 mm. The inset 
of this figure presents the orientation of the crystal axes 
D 1 , D 2 , b with respect to the applied DC magnetic field 
B. The crystal orientation (9 ~ 45°) maximizes the cou¬ 
pling strength for the high-field transition S 2a M- The 
crystal is placed on top of a coplanar waveguide A/2 mi¬ 
crowave resonator fabricated on high-frequency laminate 
Rogers TMM lOi. In contrast to our previous investi¬ 
gations HBCIKilj, a non-superconducting copper res¬ 
onator is employed. Such a resonator does not perturb 
the magnetic DC field, therefore, we expect to attain 
a minimal inhomogeneous spin linewidth of the erbium 
spin ensemble. The width of the coplanar waveguide is 
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FIG. 1: (Color online) (a) Experimental setup: The Er:YSO 
crystal is placed on a A/2 copper coplanar waveguide res¬ 
onator. Inset: Orientation of the crystal with respect to 
the DC magnetic field, (b) Transmission ESR spectrum of 
Er:YSO coupled to the resonator. The color code on the 
right side illustrates the magnitude of microwave transmis¬ 
sion | S 21 (to) | through the chip. 


about 0.5 mm with gaps of about 0.25 mm. The com¬ 
parably large geometric dimensions of the resonator are 
beneficial for optical access and for attaining an intrinsic 
quality factor of Qi ~ 400. The experiment is placed 
inside a copper housing and cooled by a BlueFors LD- 
250 dilution fridge to 25 mK. For further details on the 
experimental setup, we refer to Ref. [29] . 

Initially, the sample is characterized in the common 
way by continuous wave (cw) microwave transmission 
spectroscopy while sweeping the magnetic field 1301 EH 
Figure [ljb) presents the resulting spectrum recorded at 
25 mK and a probing power of ~ 100 fW. The transmit¬ 
ted amplitude is color coded and all four sub-ensembles 
with g-factors 14.2, 4.0, 1.9 and 1.1 are resolved. The 
electronic transition close to 140 mT shows a weak anti¬ 
crossing indicating the onset of strong coupling. A clear 
normal mode splitting is observed for the high field tran¬ 
sition S- 2 a at a magnetic field of 246 mT. 

In this work, we focus our analysis on the high field 
transition S 2o at 246 mT with g = 1.1. The avoided level 
crossing is analyzed by first fitting the resonator far away 
from the transition. This yields a resonance frequency of 
u>q/2tt = 3.721 GHz and a HWHM linewidth of k/2it = 

8.2 ± 0.1 MHz. By using this parameters, we extract a 
collective coupling strength of vn/2tt = 13.2 ± 0.7 MHz 
and a HWHM inhomogeneous spin linewidth of F2/27T = 

7.3 ± 0.4 MHz. 

On the basis of the cw spectroscopy, we performed 



FIG. 2: (Color online) (a) Hahn echo sequence with a pulse 
separation of r = 400 ns. Each pulse is accompanied by vac¬ 
uum Rabi oscillations. The 7r/2-pulse has a width of 20 ns. 
The spin echo appears as a 100 ns wide pulse due to the finite 
bandwidth of the resonator, (b) The echo decay is modulated 
by prominent oscillations, which are known as electron spin 
echo envelope modulation (ESEEM). This originates from the 
coupling of the erbium electronic spins to the nuclear spins of 
the neighboring 89 Y ions. The solid line presents a fit to the 
data yielding a T 2 - 5.6 /us. 


time resolved ESR experiments in the temperature range 
0.02-1 K. Due to the large mode volume of the resonator 
compared to the previous experiments with SC res¬ 
onators [20] (22] [23], strong microwave pulses (1-10 mW) 
are necessary for coherent spin manipulation. Therefore, 
no additional cryogenic attenuation was used in the ex¬ 
periment, see Ref. [25] for details. Thus, we estimate a 
the number of thermal photons in the cavity to be about 
?iph ~ 50. For comparison, the number of spins coupled 
to a resonator mode is N s ~ 3 x 10 13 n p h, therefore, 
the thermal photons do not affect the polarization of the 
spin ensemble significantly. 

Figure [2ja) shows a two pulse Hahn echo (2PE) se¬ 
quence 7r/2 — r — 7T followed by an echo emission. The 
length of 7 r pulse is set to be 40 ns and its magni¬ 
tude is about 10 mW. The transmitted pulse shapes of 
the 7 t/2 and 7r-pulse feature vacuum Rabi oscillations. 
Thus, a short but strong pulse does not affect the Tavis- 
Cummings dynamics of the hybrid system. Note that the 
free induction decay is not observable here because the 
large inhomogeneous broadening results in a very short 
pure dephasing time T £ ~ 22 ns. 

Figure [2](b) presents the amplitude of the echo signal 
in dependence on the total delay time 2r. The oscilla¬ 
tory modulation of the echo decay is attributed to elec¬ 
tron spin echo envelope modulation (ESEEM) [32], which 
originates from the dipole-dipole coupling of the erbium 
electronic spin to nuclear spins in close proximity To] . 
The closest magnetic dipoles are the nuclear spins of the 
yttrium 89 Y ions with magnetic moment /iy = — 0.275/ijv 
at an average distance of ~ 4 A. The fit to the modu¬ 
lated exponential decay yields a spin coherence time of 
T 2 = 5.6 fj,s. We would like to point out here that con¬ 
ventional ESR experiments with Er:YSO at 6K show a 
spin coherence time T 2 ~ 0.3/us. 
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In the following, we study the decoherence mechanisms 
of the erbium spin ensemble SM. There are two major 
contributions to decoherence: (I) Dephasing induced by 
the surrounding magnetic environment, i.e. other elec¬ 
tronic or nuclear spins [54] . and (II) direct spin-spin inter¬ 
action within the same spin ensemble [35] . Source (I) is 
addressed by investigating the temperature dependence 
of the coherence time T 2 . The increase of the coherence 
time due to the ’’freezing” of surrounding spin bath has 
been observed in mm-wave ESR with paramagnetic ma¬ 
terials [341 IBB] . Those experiments were performed above 
2 K requiring a magnetic field of several Tesla to ensure 
full polarization of the electronic spin bath. In contrast, 
the base temperature of our experiment (25 mK) entails 
operation at the GHz frequency range while maintaining 
full polarization at only ~ 100 mT, see also Fig. [ljb). 



Temperature (K) 

FIG. 3: (Color online) Temperature dependence of the deco¬ 
herence rate I/T 2 of Sia ensemble measured by the spin-echo 
experiment. Note the semi-logarithmic scale. Between 30 mK 
and IK, the T 2 time decreases from approximately 5.6/zs to 
4.4/zs. The solid line is a fit to theory, see Eq. [I]), which 
takes into account thermal fluctuations from the surround¬ 
ing erbium sub-ensembles. Inset: Transition frequencies and 
effective temperatures at 246 mT of all sub-ensembles. 

Figure [3] presents the temperature dependence of 
Er:YSO spin coherence time T 2 from 30 mK to 1 K. In 
the displayed temperature range, the T 2 time increases 
by approximately 1 /is. Below 50 mK, T 2 remains con¬ 
stant, indicating that magnetic fluctuations are ’’frozen 
out” |34j . Since the spin-lattice relaxation time is mea¬ 
sured to be ~ 10 s in the experimental temperature range, 
it does not limit T 2 . 

In order to account for the observed behavior of T 2 , 
we have to consider all four sub-ensembles of erbium spin 
in YSO crystal. The spin concentration of each ensem¬ 
ble is n s ~ 10 17 cm -3 and their g-factors vary from 1.9 
to 14.2. These ensembles present a considerable fluctu¬ 
ating magnetic background. To put the Zeeman tran¬ 
sition frequencies into perspective, Fig. [3] also provides 
the effective Zeeman temperatures of each sub-ensenrble 


Ti = gj/rsH/Zcs, where ks is the Boltzmann constant. 
As the temperature rises, the background spins perform 
random flip-flops altering the precession frequencies of 
the S 2a ensemble [37). The occupation probabilities are 
given by the Boltzmann statistics, = [l+exp(Tj/T)] _1 
and Pj. = [1 + exp(—Ti/T)]” 1 . By including a residual 
dephasing rate T r , the temperature dependence of T 2 is 
described by [Ml 136] 


T 2 (T) Tr + ^ (1 + eT/r) (l + e-Ti/T)’ W 

where £ is a temperature independent free parameter. 

The solid line in Fig. [3] presents a fit of Eq. 0 to the 
data, where T r and £ are the only free parameters. Below 
100 mK, the temperature dependence saturates and the 
fit yields a r r = (5.63/zs) _1 . Also, the fit reproduces 
the data including the slightly shallower slope towards 
larger temperatures. Thus, the spin flip-flop processes of 
the other three sub-ensembles dominate the temperature 
dependence of coherence time T 2 . 

The second source of decoherence are spin flip-flop pro¬ 
cesses within the same sub-ensemble. These give rise to 
instantaneous spin diffusion, which cannot be refocused 
by a standard 2PE sequence. However, it is possible to 
measure this dipolar interaction with a modified 2PE se¬ 
quence where the angle of the second pulse O 2 is varied 
from 0 to 7r [313 • The n angle corresponds to a stan¬ 
dard 2PE sequence and refocuses the magnetic field in¬ 
homogeneity and low frequency magnetic noise. If a spin 
flip-flop occurs, the 0 2 -pulse cannot refocus this interac¬ 
tion because the pulse flips both spins involved in the 
interaction as they belong to the same spin ensemble. 
The longest coherence time measured by applying the 
7 t/2 — T — 62 sequence is T 2 = 7 /zs. From the dependence 
T -2 (d 2 ) we infer a dipole-dipole coupling strength between 
neighbouring spins in S 20 of vd/ 27t = 12 kHz. 

Next, we demonstrate a microwave multimode mem¬ 
ory with Er 3 + :Y 2 Si 05 by storing and retrieving 16 weak 
coherent pulses. In a multimode spin ensemble quantum 
memory, an incoming photon is mapped onto a coherent 
spin wave of the ensemble [39] . A single photon being 
absorbed by an ensemble of N spins manifests itself as 
a coherent superposition of all possibilities of one spin 
being excited with the rest in the ground state. In an in- 
homogeneously broadened ensemble, one has to consider 
the different precession frequencies of the spins, yielding 

1 N 

Wph = 7F E IW 2 ■■■%■■■ In) , (2) 

where 5k denotes the detuning of the k-th spin from the 
mean precession frequency of the ensemble. As the time 
t progresses, this state dephases into a dark mode, such 
that the bright mode can absorb the next photon. A 
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desired but feasible quantum memory would be able to 
store multiple photons. In a spin ensemble, the number 
of stored modes is limited by N m = T 2 /T|. However, 
in our experiment, the finite bandwidth of the resonator 
stretches the echo emission to about 100 ns reducing the 
number of effective modes to approximately 56. Upon 
application of a 7r-pulse, the time evolution is reversed 
and all the dark modes rephase again emitting a photon. 
Thus, the time order of the incident photons is reversed 
with respect to the sequence of emitted photons. 



Delay time x (gs) 

FIG. 4: (Color online) Storage of 16 microwave coherent 
pulses in the erbium spin ensemble. All input pulses 
are of the same height and 10 ns width. The amplitudes of 
the refocusing and input pulses are in the saturation limit of 
our amplihers and appear smaller in the plot. The retrieved 
pulse stream shown in the plot is exponentially damped and 
exhibits oscillatory behavior due to the coupling of the elec¬ 
tronic spins to the nuclear spins of 89 Y ions (ESEEM). The 
dotted curve is identical to the ESEEM signal presented in 
Fig. [2](b) . The ESEEM signal is superimposed in the present 
graph to demonstrate the oscillating envelope of the read-out 
pulses. 

Figure [4] presents the complete sequence of writing-in 
and reading-out of 16 microwave coherent pulses. Every 
incoming pulse contains about ~ 4.6 x 10 11 photons and 
corresponds to power level of 115 pW. The signal is av¬ 
eraged 595 times with a repetition rate of 10 mHz. As 
expected, the emitted pulse train decays towards longer 
storage times. Interestingly, the decay pattern shows 
modulations attributed to ESEEM. 

The performance of a memory is defined by the effi¬ 
ciency for a pulse being stored during the coherence time 
T 2 (5.6 ps for the present system) of the spin ensemble. 
In order to determine the memory efficiency, the pulse 
energy at T 2 after the refocusing pulse is analyzed and 
compared to the energy of the input pulse. Note, the 
energy of the input pulses was determined in a separate 
calibration procedure. We obtain an energy retrieval ef¬ 


ficiency of 10 4 at T 2 . 

Recently, storage of microwaves in the high power 
regime (n p h ~ 10 14 ) has been reported, by using a con¬ 
ventional ESR spectrometer TO:. The memory efficiency 
in that experiment was 1CU 10 . A more recent investi¬ 
gation by Grezes et al. m demonstrates storage and 
retrieval of extremely weak microwave pulses (n p h ~ 3 
photons) in a nitrogen vacancy spin ensemble with an 
efficiency of 2 x 10~ 4 at temperature of 300 mK. 

According to Grezes et al. [33], the theoretical limita¬ 
tion for the efficiency is given by T 2 . This should yield 
an efficiency of 10 -3 for the current crystal. Therefore, 
one additional order of magnitude is lost by the experi¬ 
mental design. This may be improved by the application 
of optimal control pulse schemes [32] and cleverer res¬ 
onator designs with very homogeneous AC fields [33] in 
conjunction with surface spin doped samples [33] ■ Ul¬ 
timately, RE ion doped crystals with better coherence 
properties are required. For instance, crystals predom¬ 
inantly doped with RE isotopes with non-zero nuclear 
spin ( 167 Er or 143 Nd) features T 2 ~ 100 ps [23][2Hh while 
maintaining sufficient optical depth [33- Even longer co¬ 
herence times of the hyperfine transitions are attained 
by operating the microwave memory at a clock transi¬ 
tion 03 HZ], where the spin’s precession frequency is to 
first order insensitive to magnetic field fluctuations. Al¬ 
ternatively, one can transfer microwave excitations from 
electronic to nuclear spins of rare-earth ions |48j . Future 
progress towards the development of a microwave to opti¬ 
cal quantum converter is only achieved with experiments 
on efficient storage of single microwave photons. Minia¬ 
turization of the resonator and the usage of parametric 
and cryogenic HEMT amplifiers will enable operation in 
such regime. 

In conclusion, we have presented a detailed pulsed ESR 
study of an Er:YSO crystal at milli-Kelvin temperatures. 
The temperature dependence of the spin coherence time 
confirms full polarization of all electronic spin baths at 
low temperature. The clear ESEEM signal originating 
from the coupling of the erbium spins to 89 Y nuclear 
spins holds a great potential of employing them as a nu¬ 
clear spin quantum memory. The coherence time of the 
spin ensemble at milli-Kelvin temperature is measured to 
be about 5.6 ps, which allowed us to store and retrieve 
up to 16 weak coherent pulses. The memory efficiency 
of 10~ 4 is close to state-of-the-art experiments. The pre¬ 
sented work paves the way towards applying rare-earth 
doped crystals as a reversible conversion element between 
microwaves and telecom C-band photons at 1.54 pm. 
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